patients were initially evaluated with plain radiography of the spine, including static and dynamic (flexionextension) studies. A CT scan of the spine was obtained in one patient, and a CT myelogram was acquired in a second patient, to investigate further the initial radiographic findings. All MR imaging studies were obtained using a 1.5-tesla unit. The indication for MR imaging at the time of presentation was persistent neurological deficit. Conventional spin-echo techniques were routinely used in the acquisition of both sagittal and axial T 1 -and T 2 -weighted images. In four patients, gradient echo imaging techniques were used. Sagittal STIR sequences were obtained in five patients.
Management of all acute-stage patients included a protocol of strict bedrest, immediate cervical immobilization with a rigid cervical collar, and use of the "log-roll" method to move patients. A methylprednisolone protocol was instituted according to guidelines for acute SCI 2,3 in 15 patients. One patient (Case 17; Table 1 ) underwent surgical exploration for suspicion of a CT myelography-documented traumatic epidural hematoma of the cord, despite a normal-appearing MR imaging study. Once a lesion requiring emergency surgical exploration was excluded, patients were fitted with a rigid external immobilization orthosis. Five patients were fitted with a rigid cervical collar for 6 weeks, 12 patients with the Guilford cervicothoracic brace (Guilford, Inc., Cleveland, OH) for 12 weeks, and three patients with a thoracolumbosacral orthosis for 12 weeks. At the end of the treatment period, flexion-extension radiographic studies of the spine were repeated, and external immobilization was discontinued when spinal instability was shown to be absent.
Patients with persistent neurological deficit at the time of discharge were admitted to either an in-or an outpatient rehabilitation program. Patients were followed in our neurosurgical clinic for a minimum of 3 months (range 3-84 months). Neurological syndromes documented at the time of presentation and during follow up were graded using the methods described by Frankel, et al., 9 and Geisler, et al.
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Results A summary of demographic data, cause of injury, neurological presentation, MR imaging findings, and outcome is provided in Table 1 . There were 17 boys and three girls. Three children were between 3 and 8 years of age (mean age 4.7 years); the remaining 17 patients were between 9 and 17 years of age (mean age 13.3 years). Seventeen patients (85%) were seen within 2 hours of injury. One child (Case 16) was examined approximately 8 hours after falling; it could not be ascertained whether the deficit in this patient occurred, or was recognized, in a delayed fashion. A second child (Case 15) presented with delayed-onset neurological deficits approximately 12 hours after incurring an SRI. Injuries were referable to the cervical spinal cord in 17 patients, the thoracic cord in one patient, the thoracolumbar region in one patient, and both the cervical and thoracic spine in one patient. We have previously reported on the patient who presented with tandem SCIWORA (Case 12). 21 Eighteen patients (90%) presented with partial neurological deficits. Of these, one patient presented with a severe partial deficit (Frankel Grade C) ; the other 17 patients presented with mild partial neurological syndromes (Frankel Grade D) . Two children, both 3 years of age, presented with complete neurological deficits (Frankel Grade A). Twelve patients (60%) presented after suffering an SRI, five (25%) after falls not related to sports, and three (15%) after MVAs. There were no birth trauma-related injuries in the current study. With the exception of one patient, the Glasgow Coma Scale score was 15 in all patients on presentation. One patient (Case 12), an unrestrained passenger in an MVA, presented with a Glasgow Coma Scale score of 4 and complete cord syndrome. The cause of injury in the second patient with complete neurological syndrome (Case 17) was a fall approximately 12 steps from ground level.
Of 18 patients presenting with partial (either mild or severe) neurological deficits, deficits resolved within 24 hours in nine patients (50%), within 24 to 48 hours in five patients (28%), and persisted for more than 72 hours in four patients (22%). This last group of patients consisted of three patients with mild partial deficits (Frankel Grade D) and one patient with severe partial deficit (Frankel Grade C) . In two patients with mild partial neurological deficits, dysfunction resolved at 4 days (Case 8) and at 3 months (Case 1) after injury. A third patient with mild partial deficit (Case 15) improved with physical therapy but remained with residual deficit (Frankel Grade D) at the 12-month follow-up examination. The patient with a Frankel Grade C injury (Case 17) improved to Grade D status at follow-up evaluation at 60 months postinjury.
Magnetic resonance imaging was performed in both patients presenting with Frankel Grade A function and in 17 of 18 patients presenting with Frankel Grade C or D deficits. Neuroimaging was undertaken within 24 hours of injury in 17 patients, at 36 hours in one patient, and 6 weeks from injury in another patient ( Table 1 ). The one patient who did not undergo MR imaging evaluation presented with a Grade D function that resolved within 1 hour. In the two patients with complete paralysis, MR imaging revealed cervical spinal cord swelling in one patient ( Fig. 1 ) and cord edema with hemorrhage at cervical and thoracic levels in the second patient. On MR imaging neural and extraneural elements were normal in all 17 patients with mild partial syndromes, including the four patients with deficits (three mild, one severe) lasting more than 72 hours (Table  1, Figs. 2 and 3) . Clinical presentation, correlation with MR imaging findings, and outcome are summarized in Table 2 .
Discussion

Factors Affecting the Severity of SCIWORA
A review of previous reports suggests that no consistent correlation can be established between the cause of injury and the severity of neurological deficit in children with SCIWORA. In a series of 55 patients reported by Pang and Pollack, 19 injuries related to MVAs, falls, and sports accounted for 47, 20, and 20% of cases, respectively. Complete neurological syndromes (Frankel Grade A) occurred in only 12 children (22%). Osenbach and Menezes 18 reported a series of 30 children in whom birth-related trauma and falls from height accounted for one third of the cases each; only five cases (17%) were sports related. Complete syndromes were reported for 12 children (40%). Dickman, et al., 4 reported MVAs as the most common cause of injury, accounting for 46% of pediatric cases. Complete neurological syndromes occurred in seven children (27%). In the current series, most injuries (60%) were sports related, and each of these patients suffered a mild partial deficit (Frankel Grade D). The predominance of cases with presentations of mild partial syndrome is likely related to less deformation of the pediatric spine during SRIs. 15 
Age-Dependent Variability in the Severity of SCIWORA
Among children with SCIWORA, more severe neurological dysfunction and outcome has been reported for younger children (Յ 8 years of age). 4, 5, [18] [19] [20] In a series of 26 children with SCIWORA reported by Dickman, et al., 4 no complete SCIs were observed in the 9-to 16-year-old age group, whereas among 10 children age from birth to 8 years, 70% sustained complete neurological injuries. Similarly, in the series of 55 children with SCIWORA reported by Pang and Pollack, 19 21 of 30 children younger than 8 years of age suffered complete or severe injuries, whereas only one of 25 children older than 8 years of age suffered severe injury. The age-related variability in the severity of neurological dysfunction could explain in part the predominance of a milder form of neurological dysfunction in our experience. Most children (85%) were older (age 9-17 years, mean 13.3 years). It is conceivable that the maturing spine in the older child is better adapted to resist external deformation, thereby mitigating injury to the spinal cord. 7 
Pattern of Neurological Recovery
In previous accounts of children with SCIWORA the authors have consistently reported a poor prognosis for recovery in those presenting with complete injuries and a good to excellent recovery in those with incomplete injuries. 4, 19 Of 33 children with mild to moderate deficits in the series published by Pang and Pollack, 19 resolution occurred in 26 (79%) and moderate residual deficits remained in five (15%). Similarly, Dickman, et al., 4 reported 16 patients with incomplete cord injuries, 10 (63%) of whom were neurologically intact at the time of discharge a mean 9 days after admission. The pattern for recovery in the present study parallels that in previously reported studies. The rate of recovery involving neurological deficits remained poor in the two patients with complete injuries, whereas in all those with mild partial injuries complete recovery was achieved. In one patient with a severe partial injury improvement to mild residual deficit occurred.
Timing of Recovery of Partial Neurological Injury
Although the potential for recovery in cases of SCIWO-RA has been detailed according to completeness of the initial injury, the timing for recovery has been reported only scantly. In the present report, partial deficits resolved within 72 hours postinjury in the majority (78%) of patients. Early resolution of mild partial deficit has previously been reported and has been dubbed "spinal cord concussion." 22, 26 Zwimpfer and Bernstein 26 described 19 patients (10 adults, mean age 30 years; and nine children, mean age 12 years) who presented with posttraumatic partial sensorimotor deficits that resolved within 72 hours of presentation in all cases. Four of 19 patients in this series had presented with sensory disturbances only. Radiological studies performed in these patients demonstrated normal findings, except in one patient with cervical fracture and subluxation. Magnetic resonance imaging was not conducted in the evaluation of these patients. The syndrome of neurological presentation in the series reported by Zwimpfer and Bernstein parallels that observed in our patients who presented with partial neurological deficits; with the exception of the patient in whom radiography revealed abnormal findings, the patients reported by Zwimpfer and Bernstein fit the criteria for SCIWORA. Patients presenting with sensory complaints or findings alone without associated motor deficits were excluded from our study because of the subjectivity of complaints, the transient nature of deficits, and inability to document consistently sensory loss on serial neurological examinations. Isolated traumatic posterior spinal column injury presenting as SCIWORA is theoretically possible and may not have been accounted for in the present study.
Magnetic Resonance Imaging Clinical Correlation
Early experience with MR imaging in the investigation of SCIWORA has been reported independently by Pang and Pollack 19 and Osenbach and Menezes. 18 In their study of 55 patients, Pang and Pollack reported one patient with recurrent SCIWORA in whom MR imaging demonstrated normal findings. The report by Osenbach and Menezes included two patients with minimal spinal cord swelling documented on MR imaging. No surgical lesions or intrinsic cord abnormalities were identified. Unfortunately, no specific correlation between clinical presentation and MR imaging findings was offered in either report.
Matsumura, et al., 16 reported the case of a 3-yearold child with SCIWORA and paraplegia. High-intensity changes were documented on T 2 -weighted MR images obtained in the acute phase. Spinal cord swelling could not be documented. A delayed study revealed atrophic changes at the C7-T1 level on both T 1 -and T 2 -weighted images. The patient remained paraplegic. This report was the first to correlate an abnormal MR imaging finding with neurological dysfunction in a child with SCIWORA. The authors believed that intrinsic cord signal change observed on MR imaging in the absence of spinal cord swelling was specific for SCIWORA. This finding, however, has not been supported by subsequent reports. In five of the patients MR imaging demonstrated normal findings. In the other two, MR imaging revealed abnormal findings; in a 10-year-old patient with an incomplete C-2 paraplegia neuroimaging revealed increased signal abnormality, and in a 4-year-old patient with a complete injury at T-9 a focal spinal cord contusion and subdural hematoma at that level was demonstrated. Unfortunately, correlation between neurological presentation and outcome in the five patients in whom normal studies were obtained was not made in this report.
Grabb and Pang 11 reported MR imaging findings in seven of 18 children presenting with SCIWORA. In two patients with complete neurological syndromes MR imaging documented either cord transection or swelling at 6 and 16 days postinjury, respectively. In both patients complete cord syndrome remained at follow up. In another two patients in whom incomplete recoveries occurred (from a severe partial cord syndrome in one and from a BrownSéquard syndrome in the other), MR imaging revealed both minor spinal cord hemorrhage and edema at 6 days and at 24 hours from injury, respectively. In two additional patients with mild partial neurological syndromes, MR imaging revealed extraneural findings consisting of intradiscal hyperintensity in one and anterior disc herniation in the other at 4 hours and 3 days postinjury, respectively. The seventh patient presented with complete sensorimotor paralysis but a full neurological recovery was demonstrated over several days. Magnetic resonance images obtained at 3 hours postinjury revealed no extraneural or neural abnormalities. The authors suggested a correlation between abnormal MR imaging findings and the severity of neurological injury similar to that found in adults with severe spinal cord trauma. 8 In the present study, we found a consistent association between MR imaging findings and the severity of neurological injury in SCIWORA. In both patients with complete cord syndromes and abnormal MR imaging findings complete injuries remained at follow up. Conversely, 15 (88%) of the 17 patients with partial neurological injuries and normal neuroimaging findings made a full recovery during the follow-up period. It is particularly interesting that MR imaging of the spine demonstrated normal findings in one patient with severe partial syndrome and in three others with mild partial syndromes in which deficits persisted beyond 72 hours. Thus, although conventional MR imaging sequences for evaluating the spinal cord may serve a prognostic value in childhood SCIWORA, 11 the technique may lack the sensitivity to detect acute extrinsic and intrinsic SCIs associated with partial motor deficits. Alternatively, the pathophysiology of partial neurological injury may be functional rather than anatomical. In this regard, electrodiagnostic studies such as somatosensory evoked potentials, rather than MR imaging, may be more informative. Because the disease in our patient population was referable to the anterior cord, somatosensory evoked potential studies were not routinely performed. Investigations with this modality would represent the subject of future studies. We do not believe, however, that partial neurological deficit in this patient population of predominantly young males is psychogenic. Consistent documentation of long-term motor deficits is incompatible with this etiology.
Magnetic Resonance Imaging in Traumatic SCI
Recently, significant progress in MR imaging has facilitated the routine use of this modality in the emergency eval-uation of cervical spine trauma. 24 In particular, the rapid resolution offered by fast spin-echo techniques allows timely imaging of the critically injured patient, avoiding time-consuming sequences such as STIR. 25 Fast spin-echo techniques, however, may be suboptimal for detecting subtle acute spinal cord hemorrhages, 13 and therefore continued implementation of T 2 -weighted gradient-echo sequences may still be required for evaluating spinal trauma. 24, 25 Additionally, a bright signal originating from the bone marrow and paraspinal ligaments observed on T 2 -weighted fast spin-echo imaging creates the need for routine use of fatsuppression techniques to detect edema.
Factors influencing the detection of spinal cord abnormality by MR imaging include the imaging protocol and the time interval from injury to imaging. Grabb and Pang 11 have advocated the use of gradient-echo and fat-suppression techniques in addition to conventional MR imaging sequences for evaluating children with SCIWORA. Sagittal T 2 -weighted gradient-recalled echo imaging exquisitely demonstrates acute cord hemorrhage and acute posttraumatic disc herniation. 6 We infrequently used gradientecho imaging in the evaluation of our patients. Short tau inversion-recovery techniques were used when the radiologist deemed conventional T 1 -and T 2 -weighted spin-echo imaging to be insufficient. Certainly, sagittal T 1 -weighted spin-echo imaging is adequate for assessing alignment of the cervical spine, integrity of the individual vertebral bodies, and the caliber of the spinal cord (that is, to detect swelling of the cord). 17, 24 Cord edema and compression, as well as ligamentous hemorrhage, are easily detected on sagittal T 2 -weighted spin-echo imaging. 17, 24, 25 Sagittal STIR imaging can further confirm paraspinal ligamentous injury and bone marrow edema. 17, 24, 25 Axial T 1 -and T 2 -weighted spin-echo studies are routinely used to locate and confirm findings on sagittal images. Although additional imaging sequences may be useful in the evaluation of cervical trauma, they may remain nondiagnostic, as occurred in the patient reported by Grabb and Pang who presented with complete cord syndrome and in whom a complete neurological recovery was demonstrated.
Magnetic resonance imaging signal alterations in cases of SCI, as a function of blood degradation products, have variably been described. In the scheme presented by Grabb and Pang, 11 MR imaging performed in the acute phase (within 72 hours) of SCI targets edema (cord swelling), intracellular oxyhemoglobin, and deoxyhemoglobin. In the subacute phase of injury (3-7 days from injury), MR imaging targets intracellular methemoglobin and subsequently its extracellular form in the late phase (Ն7 days postinjury). In the majority of patients (four of seven) with SCIWORA in the report by Grabb and Pang, MR images were obtained more than 3 days postinjury, in the subacute and late phases. By contrast, in the present study images were obtained during the acute phase of injury in 18 patients. Consequently, our study is more representative of acute MR imaging findings in SCIWORA and less so of subacute or delayed MR imaging-documented abnormality in SCIWORA. Additionally, unlike Grabb and Pang, we have not found MR imaging evidence of extraneural injuries in our patients. It is unlikely that this is due to our imaging technique, because ligamentous hemorrhage can be demonstrated easily using T 2 -weighted spin-echo imaging a few hours after injury. 14 Rather, it is likely that this disparity relates to a less disruptive mechanism of injury in our patient population of older children, as discussed previously. Finally, it is difficult to speculate on the contribution of methylprednisolone in the detection of edema of the spinal cord in our patient population. Extracellular fluid accumulation is an early event in SCI experiments in animals, and it is induced by rupture of blood vessels, tearing of spinal cord pial covering, and disruption of axonal fibers. 12 It has been detected as early as 12 minutes postinjury in animal studies. 1 Pretreatment with methylprednisolone appears to reduce postinjury necrosis and edema significantly. The effect of this drug on the formation of edema after injury is less clear and is probably minimal. In adult patients with acute SCIs treated with methylprednisolone according to published guidelines, 2, 3 spinal cord edema was detected in 98% of the patients who underwent MR imaging within 21 hours of injury (mean 7.8 hours). 23 In this patient population, methylprednisolone did not appear to influence the development and detection of spinal cord edema. The contribution of this drug to the formation and detection of spinal cord edema in children with SCIWORA is probably minimal but remains to be evaluated.
Conclusions
In the current series, the predominant presentation of children with SCIWORA was a mild partial neurological deficit that resolved on most cases within 72 hours. The importance of MR imaging in the evaluation of SCIWORA remains twofold at present: 1) it serves to exclude lesions that may require emergency decompressive surgery, such as extraaxial hematomas and disc herniations, and 2) it serves as a prognosticator for neurological recovery. Major abnormal MR imaging findings routinely correlated with complete and poor prognosis for recovery. Conversely, normal MR imaging findings accurately predicted the potential for complete or near-complete neurological recovery. We have found, however, that conventional MR sequences may lack the sensitivity to detect spinal cord abnormalities in a subset of patient with persistent motor deficit lasting several days or months. * Magnetic resonance imaging findings were normal in 14 patients within 24 hours, within 36 hours in one patient, and at 6 weeks from injury in one patient; imaging was not obtained in one patient.
